The formation of the labyrinth layer is a critical step of placental development. The transcription factor glial cells missing 1 (Gcm1) plays a pivotal role in labyrinth development, but the sequence of events controlling its expression has not been identified yet. Our studies presented herein show that Gcm1 expression occurs in three distinct phases during placental development, each specific to a particular stage of chorioallantois interaction. In the first, the pre-fusion phase, Gcm1 mRNA is expressed in isolated clusters of chorionic cells, but not efficiently translated. Upon allantois-chorion fusion, the second phase, Gcm1 expression is greatly induced in clusters of chorionic cells separated by non-expressing cells and the Gcm1 mRNA is translated to protein. In the third phase, the labyrinth formation, cells expressing Gcm1 proliferate, involute in the chorionic plate and branched villi formation begins. q
Introduction
In Drosophila the transcription factor glial cells missing (gcm) has been identified as an early control element in cell fate specification of neurons and glia. In the absence of a functional gcm protein, the neuroepithelial progenitor cells differentiate into neurons, whereas its overexpression results in excess glia at the expense of neuronal differentiation (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . In flies, gcm is also believed to play a role in hemocyte differentiation (Bernardoni et al., 1997) . Two mammalian homologous of gcm, named Gcm1 and Gcm2 (also called Gcma and Gcmb, respectively) (Akiyama et al., 1996; Altshuller et al., 1996; Kim et al., 1998; Basyuk et al., 1999) , have been identified. Gcm1 and Gcm2 share a highly conserved DNA binding domain with the Drosophila gcm, but their carboxy termini are highly divergent. Surprisingly, the mammalian Gcm1 and Gcm2 are more highly expressed in non-neural tissue than in the nervous system (Kim et al., 1998; Basyuk et al., 1999) . We recently found that Gcm1 is specifically localized in the cells that are involved in nutrient/gas exchange between maternal and fetal blood supplies: the labyrinthine cells of the mouse placenta (Basyuk et al., 1999) and their human counterpart, the syncytio-and cytotrophoblasts (Nait-Oumesmar et al., 2000) .
The epithelial cells of the mouse placenta, called trophoblast, are established at the blastocyst stage and differentiate into three distinct layers by mid-gestation (Cross et al., 1994) . The innermost layer, called the labyrinth, consists of branched villi that provide a large surface area for nutrients and gases exchange between fetal and maternal blood. It is composed of trophoblast cells and underlying mesodermal cells derived from the allantois. During early development, these two cell types are spatially separated and the trophoblast precursors reside in a flat plate of multipotential trophoblast cells called the chorion. Chorio-allantoic fusion normally occurs at embryonic day (E) 8.5 and is dependent on a number of genes, including Brachyury (Rashbass et al., 1991) , Lim1 (Shawlot and Behringer, 1995) , Vcam1 (Gurtner et al., 1995; Kwee et al., 1995), Itga4 (a4-integrin; Yang et al., 1995) , Fgfr2 (Xu et al., 1998) , Mrj and Bmp5/7 (Solloway and Robertson, 1999) . Chorionic trophoblast differentiation and morphogenesis begins only after chorio-allantoic attachment (Hernandez-Verdun and Legrand, 1975) , with interdigitation of allantoic cells and underlying fetal vessels with the chorionic trophoblast cells. Loss of function studies with Gcm1 null mutant mice reveal that Gcm1 is essential not just for branching morphogenesis, but also for the appearance of the entire labyrinth layer (Anson-Cartwright et al., 2000; Schreiber et al., 2000) . However, the sequence of events controlling Gcm1 expression during early placental development has not been identified yet.
In this study, we have generated a mouse line carrying a lacZ reporter at the 3 0 UTR of the Gcm1 gene by homologous recombination in embryonic stem (ES) cells and employ it in a study of the regulation of placental Gcm1 expression. We find that Gcm1 expression is complex and defines three stages of chorion-allantois interaction.
Results

Mice with linked Gcm1 and LacZ gene expression
To assist in the exploration of the labyrinth formation, we have generated a mouse line ES cells by homologous recombination in which an IRES-LacZ reporter cassette has been inserted in the 3 0 UTR of the Gcm1 gene (Fig.   1A ). Mutant mice generated with the mutant ES cells and those in which the selectable neomycin gene had been removed by Cre recombinase were identified by southern blot analyses (Fig. 1B) . Homozygous Gcm1-LacZ mice lacking the neomycin gene are phenotypically normal and they express both the LacZ reporter and the Gcm1 gene on the same temporal schedule and in the same cells as Gcm1 in wild-type mice since the modified gene retains its promoter/ enhancer elements intact. Notably, no b-galactosidase activity or Gcm1 protein is detected in the chorionic plate prior to fusion with the allantois. However, upon chorioallantois attachment (E8.5) a bloom of b-galactosidase (and Gcm1 protein) along the whole fusion surface is detected. Between E9.5 and E10.5 there was a dramatic increase in the number as well as the area of expressing cells in the incipient labyrinth layer (Fig. 1C ). In the crescent cross-sections, one can appreciate the penetration of bgalactosidase expression into the depths of the chorion. The expression of Gcm1 and b-galactosidase in these mice define three phases in the development of the labyrinth layer.
Gcm1 expression in trophoblast cells prior to chorioallantoic fusion (first phase)
To characterize the induction process, we monitored bgalactosidase and Gcm1 expression during early chorioallantoic development. Prior to chorioallantoic fusion (E7.5-8.0), we detected only Gcm1 transcripts in few clusters of four to eight trophoblast cells at the flat chorionic plate ( Fig.  2A) . Interestingly neither Gcm1 (Fig. 2B ) nor b-galactosidase (Fig. 2C) proteins are detected at this stage in these cells, even by using sensitive histochemical and immunocytochemical techniques. The absence of detectable levels of these proteins is not due to insufficient gene transcription since the level of Gcm1 mRNA in cell clusters revealed by the in situ hybridization is similar to that of the Gcm1 protein expressing cells found at later stages (compare Fig. 2A and D) . Furthermore, the linked transcripts function and are efficiently translated to both proteins later in development, indicating that they are competent mRNAs. We conclude that at the pre-fusion stage Gcm1 mRNA is very inefficiently translated or not translated at all during this first phase.
Gcm1 expression after chorio-allantoic fusion (second phase)
Upon fusion of chorion and allantois (E8.5), we observe a strong expression of b-galactosidase and Gcm1 at both the mRNA and protein levels throughout the fusion surface. Indeed, Gcm1 mRNA (Fig. 2B) , and b-galactosidase (Fig.  2E ) co-localize to small clusters of trophoblasts in close contact with the allantois. These clusters are separated from each other along the basal surface of the chorion by non-expressing chorionic cells. Chorio-allantoic fusion begins at about E8.5 and within a few hours (E8.75-9.0) b-galactosidase expressing trophoblast cells of the chorion and the mesodermal cells of the allantois begin to interdigitate (Fig. 3A, B) . These sites of expression are likely to correspond to the initial site of the main branching morphogenesis of the later chorio-allantoic placenta. This interpretation is supported by images of coronal and transverse sections of placenta at this stage which show b-galactosidase positive cells surrounding the developing fetal vasculature ( Fig. 3C ) all along the chorion-allantois interface (Fig. 3D ). Close inspection of high magnification images of E8.5 conceptus sections reveal that b-galactosidase is expressed in small clusters of four to eight cells, separated by non-expressing cells (Fig. 4A) . A few hours later, the initial folding of the chorio-allantoic surface occurs at the sites of b-galactosidase positive cell clusters (Fig. 4B ). As the invagination of the chorio-allantoic surface advances progressively, b-galactosidase is detected all along the folding interface (Fig. 4C ).
Contact between chorion and allantois is required for Gcm1 protein expression
The correlation between chorio-allantoic fusion and Gcm1 protein expression suggests potential regulation by factors residing in the allantoic mesoderm. We developed an explant culture system using tissue from Gcm1-LacZ conceptuses to explore this possibility further. Chorionic plates excised from 40 homozygous Gcm1-LacZ conceptuses before the allantois and chorion made contact and were maintained in culture for 24 h with and without physical contact with excised allantoises. None of the 18 chorionic plates cultured without allantoic contact expressed bgalactosidase ( Fig. 5A ), whereas all 22 that were cultured in contact with an allantois showed strong patches of b-galactosidase expression (Fig. 5B ). Neither conditioned medium from allantois cultures (Fig. 5C ) nor the presence of five to six allantoises in very close proximity to the chorion (but not touching it) induced b-galactosidase expression (data not shown). We conclude that cultured Gcm1-LacZ chorionic plates not in direct contact with the allantois do not express Gcm1 or b-galactosidase proteins and that direct contact with allantois, not a diffusible factor, is required for the expression of Gcm1 protein. That allantois surface proteins are important in the induction process is indicated by experiments which showed that allantoises pre-treated with 0.25% trypsin solution and put in contact with the chorions failed to induce b-galactosidase activity (Fig. 5D ).
Cell adhesion triggers Gcm1 protein expression
The interaction between the cell surface protein vascular cell adhesion molecule-1 (VCAM1), specifically expressed in the distal tip of the allantois and its receptor, a4 integrin, on the basal surface of the chorion, is one of the processes mediating chorio-allantoic fusion (Gurtner et al., 1995; Kwee et al., 1995; Yang et al., 1995) . We tested whether VCAM1 in the absence of other allantoic proteins, could trigger Gcm1 or b-galactosidase protein expression. Chorions from 20 conceptuses were put in contact with transfected Cos 7 cells that express a phosphatidyl inositolanchored form of VCAM1 (T-VCAM1) (Moy et al., 1993; Terry et al., 1993) . The expression of b-galactosidase was strong in all the chorionic plates so exposed for 24 h (Fig.  5E ). Of the 15 excised chorionic plates used in control experiments in which the Cos 7 cells were transfected with a non-expressing vector no b-galactosidase expression was observed in 12 and three had very low or equivocal expression (Fig. 5F ). The involvement of VCAM1 in regu- Fig. 2 . Expression of Gcm1 mRNA and b-galactosidase prior to and after chorio-allantoic fusion. Bright-field views of histological sections from E7.5 to E8 (A-C) and E8.5 (D,E) Gcm1-LacZ conceptuses. (A,D) were hybridized with Gcm1 35 S riboprobe and counterstained with hematoxylin; (B) was immunostained for Gcm1 and (C,E) for b-galactosidase, and were counterstained with methyl green. Note that before chorio-allantoic attachment Gcm1 mRNA is already detectable in the flat chorionic plate (A, arrows), but not Gcm1 (B) or b-galactosidase (C) proteins. At E8.5 Gcm1 mRNA and b-galactosidase co-localize to clusters of trophoblast cells separated by few non-expressing cells (D,E). All, allantois; ch, chorion. Bar: 100 mm. lation of Gcm1 expression was confirmed with two blocking monoclonal antibodies to VCAM1 (clones M/K-1 and M/K-2) (Miyake et al., 1991; Rosen et al., 1992) . No b-galactosidase expression was observed in 18 chorions analyzed when allantoises pretreated with these antibodies were applied to them and cultured for 24 h (Fig. 5G) . The possible involvement of chorionic a4 integrin in the Gcm1 induction process was assessed also with antibodies. We used an antibody against the a4 chain of the VLA-4 heterodimer which has been shown to block a4 integrin interactions in lymphocytes precursors (Miyake et al., 1991) and in myotubes (Rosen et al., 1992) . Similarly to the blocking of VCAM1, we failed to detect b-galactosidase activity when wild-type allantoises are put in contact with 18 Gcm1-LacZ chorionic plates pretreated with anti-a4 integrin antibody (clone P/S-2) (Fig. 5H) . Taken together our results indicate that VCAM1/a4 integrin interaction is necessary for the induction of Gcm1 expression.
Expanded Gcm1 expression requires allantoic Hsp90b (third phase)
Murine conceptuses deficient for Hsp90b (Voss et al., 2000) have a phenotype similar to those deficient in Gcm1 (Anson-Cartwright et al., 2000; Schreiber et al., 2000) . In both types of conceptuses fusion occurs between allantois and chorion, a few allantoic blood vessels invade the chorion but they do not expand, and significant numbers of chorionic trophoblast cells are detected but they fail terminal differentiation. These similarities suggest that a comparison of the two blockades may reveal common elements. Voss et al. (2000) prepared two types of chimeric conceptuses: those with a wild-type allantois but an Hsp90b null chorion and those with a mutant allantois but wild-type chorion. Their analyses of the chimeric conceptuses revealed that only the former was able to differentiate and develop a labyrinth layer, suggesting that the primary defect caused by the Hsp90b mutation resides in the allantois. To determine whether allantoic Hsp90b directly regulates Gcm1 expression in the chorionic plate during early chorio-allantoic development, we analyzed Gcm1 expression in Hsp90b null mice. In situ hybridization analysis of chorio-allantoic placenta at E8.75 revealed that Gcm1 was expressed in wild-type as well as in homozygous Hsp90b null mice and the pattern of expression was unchanged by the null mutation (Fig. 6A, B, E, F) . However, at E10.5 the signal for Gcm1 in Hsp90b null mice had not significantly increased above that seen at E8.75 (Fig. 6D, H) and was dramatically less when compared to wild type (Fig. 6C, G) . Thus, only the initial induction of Gcm1, whether measured by in situ hybridization (Fig. 6A, B, E, F) or b-galactosidase in the double mutants (data not shown), is robust and unaffected by Hsp90b. Later expansion of the initial clusters requires Hsp90b.
Discussion
Our experimental results described herein show that Gcm1 expression defines three phases of chorioallantoic interaction. The first phase pertains to events taking place in the chorionic plate prior to its fusion with the allantois. This pre-fusion phase is characterized by limited Gcm1 mRNA expression in small patches of four to five cells, indicating that the chorion, even at early stage, is not a Fig. 6 . Expression of Gcm1 in Hsp90b mutant placentae. Bright-field (A,B,C,D) and dark-field photomicrographs (E,F,G,H) of E8.75 and E10.5 sections of wild-type and Hsp90b mutant placentae after in situ hybridization with an antisense Gcm1 probe. Dotted lines define the outline of the distinct placental layers. Note the dramatic difference in Gcm1 expression at E10.5 between the wild-type and null mutant. Arrows indicate clusters of expression in the chorion. Epc, ectoplacental cone; ch, chorion; gc, trophoblast giant cells; sp, spongiotrophoblast; lab, labyrinth. Bar: 100 mm. homogeneous population of cells. The pattern of Gcm1 in the unfused chorion suggests a control system that restricts its expression to small isolated clusters of trophoblast cells. Two general mechanisms have been proposed to account for this type of cellular segregation in other systems and may operate here. A number of identical chorionic trophoblast cells may be generated initially and these cells may assume different fates later responding to signals mediated by Notch and Delta from neighboring cells (Artavanis-Tsakonas et al., 1999). Alternatively, as described in Drosophila neuroglioblasts (Akiyama-Oda et al., 1999) , an asymmetric cell division may generate two different populations of trophoblast cells by asymmetric distribution of critical mRNAs between daughter cells. In this respect, it will be interesting to determine if Gcm1 mRNA becomes asymmetrically distributed in chorionic trophoblast cells during mitosis and eventually segregates only in one daughter cell. Furthermore, at the pre-fusion phase no or very little Gcm1 protein is produced, suggesting that the mRNA is sequestered or otherwise unavailable for translation. The early expression of Gcm1 mRNA in the chorion is confined to focal sites that are likely to coincide with the initial branching points, indicating that trophoblast factors specify the sites that will undergo morphogenesis. Our results indicate that the contact with the allantois is required for the translation of Gcm1 mRNA and subsequent development of the initial clusters.
In the second phase the chorio-allantoic fusion takes place, and Gcm1 gene expression responds to the interaction with allantoic mesoderm. Our in vivo and in vitro results suggest that the contact with allantois is required for the translation of Gcm1 mRNA and subsequent development of the initial clusters. Moreover, the maintenance of Gcm1 expression may also depend on the contact with allantois, since it has been shown that the level of Gcm1 mRNA is very low in Mrj mutant mice, in which chorio-allantoic attachment does not occur . In particular, we have shown that Gcm1 gene expression responds to the interaction between the allantoic VCAM1 and the chorionic a4-integrin. Signal-induced translation of pre-existing mRNAs that code for highly regulated proteins with essential biological actions is an important post-transcriptional mechanism in development and cell replication (Mathews et al., 1996; Morris, 1997) . Recently, it has been demonstrated that adhesion-dependent signaling from the plasma membrane to translational checkpoints represent a previously unrecognized mechanism, particularly important for myeloid leukocytes and other cells that are specialized for rapid vascular responses (Mahoney et al., 2001) .
The third phase of Gcm1 expression is characterized by the proliferation of the Gcm1 expressing cells, their involution and the initiation of the branched villi formation. Our results show that Hsp90b is without visible effect on the first two stages, but plays a pivotal role in the third phase since the progression to this phase is blocked in Hsp90 null mutant mice. It is interesting to note that Voss et al. (2000) showed that the Hsp90b residing in the allantois, not that in the chorion, was important in the progression. These results suggest that intracellular allantoic protein (Hsp90b) somehow influences events in the adjacent chorionic cells. This influence may be related to a reduced ability of the allantoic mesoderm to penetrate into the chorion. Such a deficit could account for the impaired vascularization noted in the Hsp90bnull mutant conceptuses (Voss et al., 2000) . If so, the induction of Gcm1 in the trophoblasts of phase 3, like its induction in phase 2, requires contact with allantoic mesoderm.
Experimental procedures
Gene targeting
A 6.5 kb NotI/KpnI genomic fragment containing exons 5, 6 and 3.7 kb of the 3 0 UTR of Gcm1 was isolated from a mouse 129/Sv/ter genomic Lambda DASH library and cloned into pBluescript (Fig. 1A) . A synthetic polylinker, containing sites for XhoI/AscI/MfeI, was inserted into MfeI site and a cassette containing an IRES-lacZ sequence followed by a floxed PGK promoter-neomycin resistance (Basyuk et al., 1999) cassette was subcloned into XhoI site. The construct (Fig. 1A) was linearized with NotI and electroporated into R1 ES cells. DNAs derived from G418-resistant ES clones were screened by Southern blot analysis with 5 0 and 3 0 probes (Fig. 1A) . Of the 150 clones analyzed, 23 were confirmed to be heterozygous for the targeted allele (KI, Fig. 1B) . Three targeted ES cell lines were injected into blastocysts to generate chimeras. No differences were detected between mice derived from the three different ES cell lines. The PGK-neo cassette was excised by injecting a plasmid, pOG231 (O'Gorman et al., 1991) , encoding crerecombinase driven by the human CMV promoter, into E 0.5 embryos containing the IRES-LacZ-neo allele. Southern blot analysis was used to confirm the absence of the PGKneo cassette in rec mice (Fig. 1B) . The wild-type and rec alleles of the Gcm1 gene were routinely distinguished by polymerase chain reaction (PCR).
Generation of the mutant Hsp90b mice
The generation and characterization of the heterozygous Hsp90b null mutant mice have been previously described (Voss et al., 2000) . Heterozygous Hsp90b null mice were intercrossed with homozygous Gcm1-LacZ mice to generate double mutants.
Histology, immunocytochemistry and in situ hybridization
Mouse conceptuses were dissected at different gestational ages (day 0.5 defined as noon of the day in which a vaginal plug was detected). For b-galactosidase staining, tissues were fixed for 30 min to 1 h in 2% paraformaldehyde in 0.1 M piperazine-N,N 0 -bis-2-ethanesulfonic acid (PIPES) buffer pH 6.9 and further processed as described previously (Hogan et al., 1994) . For immunocytochemistry, tissues were fixed in 4% paraformaldehyde and paraffin embedded. Sections (10 mm) were incubated with a rabbit polyclonal anti-Gcm1 (Nait-Oumesmar et al., 2000) (1/40 dilution) and a rabbit polyclonal anti-b-galactosidase (1/1000 dilution, Cappel, Aurora, OH, USA), followed by a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (1/500 dilution, Jackson ImmunoResearch Laboratories). In situ hybridization was performed as previously described (Wilkinson et al., 1987) with antisense and sense 35 S-labeled riboprobes for Gcm1 (bases 710-1510; Altshuller et al., 1996) .
Transfections
The truncated form of vascular cell adhesion molecule-1 (T-VCAM1) cDNA (American Type Culture Collection) was subcloned into SacI/SalI pIRES2-EGFP expression vector (Clontech). pIRES2-EGFP vector alone and the vector containing T-VCAM1 were transfected (2 mg DNA) into 1 £ 10 6 Cos7 cells (ATCC) using Fugene 6 (Roche). Cells maintained in Dulbecco's modified Eagle's medium (DMEM; Bio-Whittaker) supplemented with 2 mM l-glutamine, 50 mg/ml penicillin/streptomycin (Gibco-BRL) and 10% fetal bovine serum (Summit Biotechnology) were scraped 24 h after transfection and applied to chorionic plates.
Organotypic culture
Chorionic plates were dissected in RPMI 1640 (BioWhittaker) from homozygous Gcm1-lacZ conceptuses at E8.0, before the allantois and chorion made contact. Explants were cultured in 12-well tissue culture plates (Becton-Dickinson) at 378C for 24 h in 1 ml explant medium, containing modified RPMI 1640 (Tanaka et al., 1998) supplemented with 10% fetal bovine serum (Summit Biotechnology), 4 mM l-glutamine (Gibco-BRL) and 50 mg/ml each of penicillin and streptomycin (Gibco-BRL). Chorionic plates were first cultured alone or in contact with the wild-type allantoises explant for 24 h. In some experiments chorions subsequently were cultured 24 h in 100 ml media with five to six allantoises in very close proximity or in allantoises conditioned media, obtained culturing seven to eight allantoises in 100 ml of explant medium supplemented with 5 mg/ml of heparin (Sigma). In other experiments chorionic plates were cultured 24 h in contact with allantoises pretreated with 0.25% trypsin solution containing 1 mM ethylenediaminetetra-acetic acid (EDTA) in Hanks' balanced salt solution at 378C for 2 min or with Cos7 cells transfected with T-VCAM1 expression vector. For antibody blocking experiments, dissected allantoises were treated for 2 h at 378C with rat anti-mouse monoclonal antibodies to VCAM1 (clones M/K1 and M/ K2; 100 mg/ml; Chemicon), and then applied to the top of untreated chorionic plates. In other experiments, untreated dissected allantoises were applied to chorionic plates that had been treated for 2 h at 378C with a rat anti-mouse monoclonal antibody to VLA-4 (100 mg/ml, clone PS/2, Chemicon). At the end of the culture period, the explants were washed in phosphate-buffered saline (PBS), fixed 20 min at 48C in fresh 2% paraformaldehyde/0.1 M PIPES buffer and stained with X-gal at 378C for 4-6 h.
